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ABSTRACT

Recent experiments have defined cytoplasmic foci, referred to as processing bodies (P-bodies), wherein mRNA decay factors are
concentrated and where mRNA decay can occur. However, the physical nature of P-bodies, their relationship to translation, and
possible roles of P-bodies in cellular responses remain unclear. We describe four properties of yeast P-bodies that indicate that
P-bodies are dynamic structures that contain nontranslating mRNAs and function during cellular responses to stress. First, in
vivo and in vitro analysis indicates that P-bodies are dependent on RNA for their formation. Second, the number and size of
P-bodies vary in response to glucose deprivation, osmotic stress, exposure to ultraviolet light, and the stage of cell growth. Third,
P-bodies vary with the status of the cellular translation machinery. Inhibition of translation initiation by mutations, or cellular
stress, results in increased P-bodies. In contrast, inhibition of translation elongation, thereby trapping the mRNA in polysomes,
leads to dissociation of P-bodies. Fourth, multiple translation factors and ribosomal proteins are lacking from P-bodies. These
results suggest additional biological roles of P-bodies in addition to being sites of mRNA degradation.
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INTRODUCTION

The regulation of mRNA turnover plays a significant role in
controlling gene expression. In the last decade, specific
pathways of mRNA turnover have been defined that can be
controlled to modulate mRNA decay rates. In yeast, the
major pathway of mRNA turnover is initiated with the
shortening of the 3� poly(adenosine) [poly(A)] tail, in a
process referred to as deadenylation (for review, see Coller
and Parker 2004). Shortening of the poly(A) tail leads to a
deadenylated transcript that is primarily a substrate for re-
moval of the 5�-cap structure by the Dcp1p/Dcp2p decap-
ping complex, thereby exposing the transcript to degrada-
tion by the 5�-to-3� exonuclease, Xrn1p (Decker and Parker
1993; Hsu and Stevens 1993; Muhlrad and Parker 1994).
Alternatively, transcripts can be degraded in a 3�-to-5� di-
rection following deadenylation (Muhlrad et al. 1995;
Mitchell et al. 1997; Jacobs et al. 1998). 3�-to-5� degradation
is catalyzed by the exosome, a conserved complex of 3�-to-
5� exonucleases (for review, see van Hoof and Parker 1999).

Experiments in mammalian cells, and the conservation of
the mRNA decay enzymes and factors, suggest that the ma-
jor pathways are shared between yeast and mammals (for
review, see Parker and Song 2004).

Decapping is a critical step in mRNA degradation be-
cause it both precedes and permits the degradation of the
mRNA body. Several observations support the argument
that the processes of mRNA decapping and translation are
inversely related. First, mutations in different translation
initiation factors that decrease translation rate also increase
the rate of mRNA decapping (Schwartz and Parker 1999;
Ramirez et al. 2002). Moreover, the cap-binding protein,
which promotes translation initiation, is an effective inhibi-
tor of decapping in vitro (Schwartz and Parker 2000;
Ramirez et al. 2002; Khanna and Kiledjian 2004). Second,
inhibition of translation initiation due to a strong secondary
structure in the 5�-untranslated region (5�-UTR), or a poor
AUG context, leads to faster decapping rates (Muhlrad et al.
1995; LaGrandeur and Parker 1999). Thus, decreasing
translation initiation either in cis or in trans promotes faster
decapping. Conversely, inhibition of translation elongation
either by mutations or by treatment with elongation inhibi-
tors (e.g., cycloheximide) leads to a decrease in the rate of
decapping (Peltz et al. 1992; Beelman and Parker 1994).
Similar experiments suggest translation and mRNA degra-
dation are also related in mammalian cells (Muckenthaler et
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al. 1997). Together, these observations indicate that mRNA
translation and mRNA decapping are in competition.

Insight into the competition between translation and de-
capping has come from recent experiments that identified
discrete cytoplasmic foci in yeast and mammals, referred to
as processing bodies (P-bodies). P-bodies include the de-
capping enzyme (Dcp1p/Dcp2p), activators of decapping,
Dhh1p (referred to as RCK in mammals), Pat1p, Lsm1–7p,
Edc3p, and the 5�–3� exonuclease Xrn1p (Bashkirov et al.
1997; Ingelfinger et al. 2002; Lykke-Andersen 2002; van Dijk
et al. 2002; Sheth and Parker 2003; Cougot et al. 2004;
Kshirsagar and Parker 2004). P-bodies are suggested to be
sites where decapping and degradation of mRNAs can oc-
cur. P-bodies size is proportional to the flux of mRNAs
undergoing the decapping step in turnover, and mRNA
decay intermediates trapped in the process of degradation
are also localized to these structures in yeast (Sheth and
Parker 2003). Similar observations were made in human
cells, indicating that these cytoplasmic structures also rep-
resent sites of mRNA decay in more complex eukaryotes
(Cougot et al. 2004). The conservation of P-bodies from
yeast to mammals suggests that they play important roles in
the cytoplasmic function of eukaryotic mRNAs including
modulating their degradation.

The identification of P-bodies has led to a model wherein
these structures represent pools of mRNAs that have exited
translation and are destined for degradation (Sheth and
Parker 2003). However, it is not known whether P-bodies
are dependent on RNA for assembly or can form in an
RNA-independent manner. Similarly, the hypothesized re-
ciprocal relationship of P-bodies and a translating pool of
mRNA is largely based on the loss of P-bodies upon cyclo-
heximide treatment (Sheth and Parker 2003; Cougot et al.
2004; Kshirsagar and Parker 2004). In this work we have
addressed the role of RNA in P-body formation, the rela-
tionship of P-bodies to the translating pool of mRNA, and
the variation in P-body size and number under a variety of
conditions. The results suggest that P-bodies are dynamic
and are affected by a range of cellular perturbations includ-
ing glucose deprivation, osmotic stress, exposure to ultra-
violet light, and the stage of cell growth. Moreover, our
observations provide evidence that P-bodies have a recip-
rocal relationship with translation and represent pools of
nontranslating mRNPs. These results suggest a dramatic
transition of mRNAs involving significant rearrangement of
the mRNP for movement of mRNAs from the translating
pool of mRNAs to P-bodies.

RESULTS

P-bodies vary under different cellular conditions

Initial studies of P-bodies suggested that there could be
variation in the size and number of P-bodies depending on
the experimental conditions (Sheth and Parker 2003). Thus,

we examined how a variety of different growth and experi-
mental conditions impact the number and size of yeast
P-bodies using green fluorescent protein (GFP) tagged fu-
sions of known P-body components (Sheth and Parker
2003). We primarily examined two proteins as P-body
markers. First, we examined the distribution of Dcp2p,
which is a subunit of the decapping enzyme and is easily
observed in P-bodies under all conditions. Second, we also
examined the distribution of Dhh1p, which is an activator
of the decapping reaction (Coller et al. 2001; Fischer and
Weis 2002), which is weakly observed in P-bodies and gen-
erally more diffuse in the cytoplasm than Dcp2p. All pic-
tures presented are collapsed stacks of a Z-series through
yeast cells, unless stated otherwise. In addition, all observa-
tions described are seen in >80% of the cells examined. The
different conditions we examined and the results are dis-
cussed below.

Stage of cellular growth affects P-body formation

We examined how P-bodies vary during the stage of growth
of a yeast culture, when provided glucose as a carbon
source. Yeast cells in culture display a characteristic growth
pattern in which a phase of logarithmic (log) growth is
followed by a diauxic shift, a slow growth phase, and then
by stationary phase. We observed that the size and number
of P-bodies varied with the stage of growth. Furthermore,
different P-body components have different dynamics in
their association with P-bodies. Specifically, in cells in the
early log phase of growth (OD600 = 0.3), Dcp2p is observed
in multiple small P-bodies in the cell (Fig. 1A). In contrast,
at this stage of growth, Dhh1p is generally diffuse, although
some cytoplasmic foci can be observed (Fig. 1G). Moreover,
examination of Dhh1p in a single Z-section from a series of
confocal images reveals a clear concentration in P-bodies
that is lost when a Z-series is collapsed (data not shown).
The P-bodies seen in these experiments for Dcp2p and
Dhh1p are smaller than has previously been described for
yeast in mid-log growth (Sheth and Parker 2003). This dif-
ference is reconciled by the knowledge that the cells in the
earlier publication were undergoing a partial stress response
(see below).

As cell density increased and cells underwent diauxic
shift, we observed an increase in brightness and number of
P-bodies in cells, with clear and dramatic concentrations of
Dcp2p and Dhh1p in foci (Fig. 1B–E,H–L). As cells reached
even higher densities, P-bodies continued to increase in size
and the number per cell decreased (Fig. 1F,M). All known
components of P-bodies examined (Pat1p, Lsm1p, Dcp1p,
Xrn1p, Edc3p) show these changes in P-bodies with in-
creasing cell density (data not shown). Thus, P-bodies in-
crease in size and decrease in number with increasing cell
density. The changes in P-body size roughly parallel changes
in the use of different carbon sources during cell growth.
However, P-bodies do not differ significantly when cells are
grown in alternative carbon sources (data not shown). We
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interpret these results to indicate that changes in cellular
metabolism at different cell densities affect the flux of P-
body components in and out of P-bodies.

P-bodies increase during glucose deprivation

In order to examine how P-bodies respond to stress, we first
examined how P-bodies changed with glucose depletion.
Glucose is the preferred energy source for most eukaryotic
cells, and yeast cells respond rapidly to glucose deprivation
with changes in a wide variety of cellular processes (for
review, see Rolland et al. 2002). We observed that when
yeast cells were grown in rich medium containing glucose
and shifted for 10 min to medium lacking glucose, P-bodies
increased in brightness and number for both Dcp2p and
Dhh1p (Fig. 2A, III, IV). This increase was not seen in cells
shifted into fresh media containing glucose (data not

shown). Furthermore, we observed that Dhh1p foci colo-
calize with Dcp2p foci (Fig. 2B, III). Under these condi-
tions, we observed the same increase in the concentration
within P-bodies for Lsm1p, Pat1p, Edc3p, Dcp1p, and
Xrn1p (data not shown). Interestingly, this increase in P-
bodies inversely correlates with the rapid loss of translation
induced by glucose deprivation (Ashe et al. 2000; Uesono et
al. 2004), and suggests that inhibition of translation initia-
tion leads to an increase in P-body formation (see below).

P-bodies increase under osmotic stress

We next examined the status of P-bodies in cells subject to
osmotic stress. In yeast, changes in the extracellular osmo-
larity affect different signaling pathways (de Nadal et al.
2002), which can lead to a transient inhibition of protein
synthesis (Uesono and Toh-e 2002). We first examined how
early-log cells grown in glucose respond to hypotonic stress
when exposed to water. We observed that induction of hy-
potonic shock by washing and incubating cells in either
water or water supplemented with glucose for 10 min led to
larger and more numerous P-bodies (Fig. 3A, III, IV; data
not shown). In contrast, when cells were incubated in rich
media and washed in synthetic media containing glucose,

FIGURE 1. P-bodies increase with the stage of cell growth. Cells were
grown in YPGlu and observed at different stages of cellular growth, as
described. The different OD600 units (OD) are indicated at the left side
of the figure. Cells expressing a GFP-tagged version of (left panel)
Dcp2p (yRP1727) and (right panel) Dhh1p (yRP1724) are shown.

FIGURE 2. P-bodies size increases under glucose deprivation. (A)
Cells were grown in YPGlu, washed in YP, and resuspended in YP for
10 min before being collected. For observation, cells were washed with
SC with (I, II) or without (III, IV) Glu, resuspended in the same SC,
respectively, and observed. Cells expressing a GFP-tagged version of
(top panel) Dhh1p (yRP1724) and (bottom panel) Dcp2p (yRP1727)
are shown. (B) Cells were grown in SC plus Glu, washed, and resus-
pended in SC for 10 min before being collected. For observation, cells
were washed and resuspended in SC without Glu. Cells coexpressing
(I) a GFP-tagged version of Dhh1p (yRP1724) and (II) a RFP-tagged
version of Dcp2p (pRP1186) are shown. (III) A merged view is shown.
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no changes in P-bodies were observed (data not shown).
Similarly, P-bodies were examined under hyperosmotic
stress conditions. After exposure of cells in the early-log
stage of growth to either 1 M KCl (Fig. 3B, V, VII) or 0.8 M
NaCl (data not shown) for 15 min, we observed a dramatic
increase in P-body size and number, whether Dcp2p or
Dhh1p was examined. Moreover, the increase in P-bodies
in response to 1 M KCl was significantly reduced in a strain
lacking Hog1p (Fig. 3B, VI, VIII), which is a critical kinase
in the cellular response to osmotic stress (Uesono and
Toh-e 2002). Consistent with a relationship between trans-
lation and P-body formation (see below), and the substan-
tial but not complete reduction in P-body formation in
hog1� cells, we observed that cells lacking Hog1p also show

a partial repression of translation in response to osmotic
stress as judged by polysome profiles (data not shown). This
suggests that the increase in P-bodies is influenced by the
same signal transduction pathway that leads to other
changes in cellular metabolism in response to osmotic
stress. It should be noted that over time in wild-type cells,
P-bodies returned to the status similar to that observed
before the shift in osmolarity (data not shown). This tran-
sient nature suggests P-bodies may function in an aspect of
the stress response (see Discussion).

P-bodies are increased by exposure to ultraviolet light

Yeast strains lacking the decapping regulators Lsm1p and
Pat1p are hypersensitive to ultraviolet (UV) light (Birrell et
al. 2001). We therefore examined the status of P-bodies in
yeast cells exposed to UV light. We observed that the con-
centrations of Dhh1p and Dcp2p increased in P-bodies fol-
lowing exposure to UV (Fig. 4C,E,G, 4D,F,H). This obser-
vation coupled with the UV hypersensitivity of the lsm1�
and pat1� strains suggest that P-bodies may have a function
in the cellular response to UV damage.

P-bodies and translation show a reciprocal
relationship

The above results indicate that the number and size of
P-bodies in the cell increase in response to several cellular
stresses and growth limitations. Because many of these con-
ditions affect translation, a likely hypothesis is that mRNAs
undergoing translation are excluded from P-bodies, while
nontranslating mRNAs can assemble into P-bodies. In or-
der to test this hypothesis, we examined the size and num-
ber of P-bodies when translation is directly altered.

P-bodies are affected by translation initiation rates

In order to analyze the effect of defects in translation ini-
tiation, we examined P-bodies using a strain carrying a
conditional temperature-sensitive allele (prt1-63) of the

FIGURE 3. P-bodies are increased by osmotic stress. (A) The cells
were grown in YPGlu, washed, and resuspended in water for 10 min
before collection. For observation, cells were washed and resuspended
in water (III, IV). Cells expressing a GFP-tagged version of (top panel)
Dhh1p (yRP1724) and (bottom panel) Dcp2p (yRP1727) are shown.
(B) Cells expressing a GFP-tagged version of Dhh1p in a wild-type
(yRP1724) or hog1� (yRP1912) strain (left panel), and Dcp2p in a
wild-type (yRP1727) or hog1� (yRP1913) strain (right panel) after
exposure to 1 M KCl for 15 min (V–VIII) are shown. Cells were
washed and resuspended in SC plus Glu supplemented or not with the
same concentration of KCl, and observed.

FIGURE 4. P-bodies are increased by exposure to UV light. Local-
ization of GFP-tagged (top panel) Dhh1p (yRP1724) and (bottom
panel) Dcp2p (yRP1727). Cells (A,B) before UV treatment and (C,D)
15 min, (E,F) 30 min, and (G,H) 45 min after UV treatment. (I,J)
Localization of unexposed cells treated the same way as UV-treated
cells.
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translation initiation factor Prt1p, which
is a subunit of the eIF3 complex. In the
prt1-63 strain, translation is inhibited at
the nonpermissive temperature of 37°C
(Evans et al. 1995). We observed that
following 20 min at 37°C, P-bodies in-
creased in size in the prt1-63 strain (Fig.
5A, IV, VIII). Similarly, when we shifted
for 20 min to 37°C a strain carrying a
conditional temperature-sensitive allele
of the translation initiation factor eIF4E,
we observed an increase in P-body size
(data not shown). No effect was seen
when a wild-type strain was shifted to
37°C for 20 min (Fig. 5A, III, VII).
These results indicate that P-bodies in-
crease as a consequence of defects in
translation initiation.

Inhibition of translation elongation leads
to dissociation of all known components
of P-bodies

The increase in P-bodies when transla-
tion initiation is inhibited suggests that
P-bodies are forming on a pool of non-
translating mRNPs. Consistent with that
result, the presence of Dhh1p and Edc3p
in P-bodies is abolished when cells are
treated with cycloheximide, which is an
inhibitor of translation elongation and
leads to mRNA accumulation on poly-
somes (Sheth and Parker 2003; Kshirsa-
gar and Parker 2004). These findings
suggest that either P-bodies themselves
dissociate when mRNAs are trapped in
polysomes, or that Dhh1p and Edc3p
require ongoing translation for their lo-
calization in P-bodies. In order to
distinguish these two possibilities, we
examined the distribution of all known
P-body components in response to cy-
cloheximide treatment.

We first examined the effect of cyclo-
heximide on P-bodies under conditions
of osmotic stress, where P-bodies are
large and numerous. Cells were washed
and resuspended in water with, or with-
out, cycloheximide. Every known com-
ponent of P-bodies was no longer ob-
served in foci following a 10-min treat-
ment with 100 µg/mL of cycloheximide
(Fig. 5B, IV–VI, X–XII). Although these
results were obtained under osmotic
stress conditions, similar results are seen

FIGURE 5. (A) P-bodies are affected by translation initiation rates. Cells expressing a GFP-
tagged version of Dhh1p carrying the conditional ts allele prt1-63 (yRP1826) or a wild-type
allele (yRP1724) and cells expressing a GFP-tagged version of Dcp2p carrying the conditional
ts allele prt1-63 (yRP1827) or a wild-type allele (yRP1727) were grown in YPGlu at 23°C
(I,II,V,VI) and then shifted to 37°C for 20 min (III,IV,VII,VIII). Cells were collected, washed,
and resuspended in SC with Glu; cells were kept at 37°C for observation. (B) Inhibition of
translation elongation disrupts P-bodies. Cells were grown in YPGlu. The culture was divided
into two samples; cycloheximide (CYH) at a concentration of 100 µg/mL was added to one
sample. The cells were grown for another 10 min before they were collected. The water used
for washing and resuspension of the cycloheximide-treated cells contained the same concen-
tration of the drug (IV–VI,X–XII). The other sample was treated similarly but without adding
the drug (I–III,VII–IX). Dcp1p (yRP1726), Dcp2p (yRP1727), Dhh1p (yRP1724), Lsm1p
(yRP1729), Pat1p (yRP1728), and Xrn1p (yRP1730) GFP-tagged version proteins are shown.
(C) Inhibition of translation elongation in a strain altered in ribosomal protein L28 does not
affect P-bodies. Cells were grown in YPGlu, the culture was divided into two samples; cyclo-
heximide at a concentration of 2 µg/mL for 10 min was added to one sample. The cells were
washed in water with (III,IV,VII,VIII) or without (I,II,V,VI) cycloheximide before they were
collected and observed.
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when the cells were washed and resuspended in synthetic
medium with glucose with, or without, cycloheximide (data
not shown). Western analysis of the tagged proteins under
these conditions indicated that the protein levels in each
case remained constant (data not shown). Moreover, in
yeast strains resistant to the effect of cycloheximide because
of a point mutation in the ribosomal protein L28 (Stocklein
and Piepersberg 1980), P-bodies were maintained in the
presence of cycloheximide (Fig. 5C, IV, VIII). These obser-
vations suggest that cycloheximide is exerting its effect
on P-bodies through inhibition of translation elongation.
The simplest interpretation of these results is that the as-
sembly of P-bodies requires nontranslating mRNA and
when mRNAs are trapped in polysomes there is no signifi-
cant residual P-body structure that remains. An implication
of this model would be that P-bodies require RNA for their
assembly. However, we cannot rule out the formal possi-
bility that there is a, yet to be discovered, protein(s) that
forms a P-body seed and remains in foci even when mRNAs
are no longer available.

P-bodies require RNA for assembly

P-bodies are sensitive to RNase A treatment

The results above raised the possibility that P-bodies require
nontranslating mRNA for their assembly. In order to test
whether P-bodies are dependent on RNA, we partially pu-
rified P-bodies from an xrn1� strain where they are abun-
dant as compared to wild type (Sheth and Parker 2003). In
this strain, P-bodies can be highly concentrated and puri-
fied by differential centrifugation such that a pellet is ob-
tained that is enriched for P-bodies. Evidence that the pellet
fraction contains P-bodies is microscopic identification of
fluorescent foci similar to those observed in cells expressing
Dcp2p-GFP (Fig. 6A). In addition, these foci increase in
xrn1� as compared to wild-type cells (Fig. 6A, cf. I with II),
contain multiple components of P-bodies, and decrease fol-
lowing cycloheximide treatment (M.A. Valencia-Sanchez
and R. Parker, in prep.).

To determine if P-bodies require RNA for their integrity,
we treated the enriched P-body fraction with RNase A and
then repurified the P-bodies by centrifugation. Two assays
indicated that RNase A treatment disrupted P-body integ-
rity. First, re-examination of the pellet fraction following
RNase A treatment showed a >90% reduction in the num-
ber of microscopically identifiable P-bodies as assessed by
Dcp2p, Dhh1p, or Lsm1p (Fig. 6B, IV–VI). Second, analysis
of P-body components by Western analysis showed that
P-body components that are initially in the pellet are now
found in the supernatant following RNase A treatment (Fig.
6C; data not shown). Thus, these partially purified P-bodies
are dependent on RNA for their integrity. Although these
experiments were done with partially purified P-bodies
from an xrn1� strain, similar results are seen with P-bodies

purified from wild-type strains (data not shown). In addi-
tion, previous experiments indicate that the coimmunopre-
cipitation of different P-body components requires RNA
(Tharun and Parker 2001). We interpret these observations
to suggest that P-body proteins interact with mRNAs and
then the resulting mRNPs aggregate into a larger structure.
However, from this experiment we cannot formally distin-
guish what RNA is required for aggregation of the P-body
structure, although the results presented below suggest it is
mRNA.

Increasing the level of trapped mRNA decay intermediates
increases P-body size

The work above suggested that the formation and integrity
of P-bodies requires RNA. A prediction of this hypothesis is
that if we trapped mRNAs in the process of degradation we

FIGURE 6. P-bodies are sensitive to RNase A digestion. (A) Micro-
scopic analysis of P-body concentrated pellet from a (I) wild-type
(yRP1727) and an (II) xrn1� (yRP1923) strain expressing a GFP-
tagged version of Dcp2p. (B) Fluorescence microscopy of the P-body
concentrated fractions in the presence (IV–VI) and absence (I–III) of
RNase A. Dcp2p (yRP1923), Dhh1p (yRP1738), Lsm1p (yRP1924)
GFP-tagged version proteins in xrn1� strain. (C) Western blot analysis
of the supernatant (S) and pellet (P) fractions from a Dcp2p-GFP
xrn1� (yRP1923) strain in the presence (+) or absence (−) of
RNase A.
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should observe an increase in P-bodies. To test this predic-
tion, we expressed high levels of an mRNA that produces an
RNA fragment trapped in the process of degradation be-
cause of a strong secondary structure that blocks the 5�-to-
3� exonuclease Xrn1p (Decker and Parker 1993). In this
experiment, we localized Dcp2p, as well as Dhh1p, in a
strain containing a high-copy-number plasmid expressing
the MFA2 mRNA with, or without, a poly(G) tract in its
3�-UTR from the very strong glyceraldehyde-3-phosphate
dehydrogenase (GPD) gene promoter.

Cells containing high levels of MFA2 decay intermediate
(Fig. 7A, V, VI) accumulated P-bodies. In contrast, cells
void of plasmid (Fig. 7A, I, II), or expressing MFA2 mRNA
without a functional poly(G) tract, did not show an increase
in P-body size (Fig. 7A, III, IV). This result indicates that
the size and number of P-bodies can be increased by trap-
ping mRNA in decay and is consistent with P-bodies re-
quiring mRNAs for their formation.

We repeated this experiment using a different method-
ology. In this case, we compared yeast strains that expressed
two reporter mRNAs (PGK1 and MFA2) with poly(G) tracts
in their 3�-UTRs under the control of a galactose-inducible
promoter. Here we examined the appearance of P-bodies
after transcription of these genes, and thus the accumula-
tion of the decay intermediate, was induced by the presence
of galactose in the growth medium. We observed that in the
presence of galactose P-bodies were increased above those
seen in glucose (Fig. 7B, cf. V–VI to VII–VIII). Moreover,
yeast strains expressing mRNAs without the poly(G) did
not show a significant increase in P-bodies when grown on
galactose media (Fig. 7B, III, IV). This indicates that the
effect on P-body size is attributable to the accumulation of
the poly(G) mRNAs and not the change in carbon source.

We interpret these results to indicate that when mRNAs
are trapped in the process of decay, P-bodies accumulate,
which provides additional evidence that P-body formation

is dependent on mRNA molecules. This result is also con-
sistent with the observations that blocking decapping or
5�-to-3� degradation, which traps numerous mRNAs in the
process of decay, leads to an increase in P-body size and
number (Sheth and Parker 2003).

mRNA localizes to P-bodies during translation
repression

The results above suggest that P-bodies form on nontrans-
lating mRNAs. One prediction of this model is that specific
mRNAs should be detectable in P-bodies during translation
repression. To test this prediction, we localized the PGK1
mRNA within cells using a transcript containing multiple
binding sites in its 3�-UTR for a U1A-GFP fusion protein
(Brodsky and Silver 2000). This mRNA was distributed
throughout the cytoplasm during cell growth in glucose
(Fig. 8A). However, after 10 min of glucose deprivation,
strains coexpressing the PGK1 mRNA containing U1A-
binding sites and the U1A-GFP fusion protein showed a
clear concentration of the GFP signal in cytoplasmic foci,
which colocalized with Dcp2p (Fig. 8B–D). Control strains
expressing the U1A-GFP without the target PGK1 mRNA
did not show any concentration of the GFP signal in re-
sponse to glucose deprivation (Fig. 8F). This provides direct
evidence that mRNA molecules can be detected in P-bodies
during translation repression.

Translation factors are not associated with P-bodies

The results above led to the hypothesis that P-bodies con-
tain pools of nontranslating mRNPs. In order to examine
the relationship between translation and P-bodies, we de-
termined the subcellular distribution of translation factors.
To this end, we used tagged genes for several translation
factors with GFP in their chromosomal location under the

FIGURE 7. P-body integrity is dependent on mRNA. (A) Dhh1p GFP-tagged strain (yRP1724) and Dcp2p GFP-tagged strain (yRP1727) cells
transformed with (III,IV) pRP1083 [expressing MFA2 mRNA with no functional poly(G) site] or (V,VI) pRP1081 [expressing the MFA2 mRNA
with poly(G)]; (I,II) control cells. Cells expressing a GFP-tagged version of (top panel) Dhh1p (yRP1824) and (bottom panel) Dcp2p (yRP1825).
(B) Cells lacking the GAL–PGK1-pG/MFA2-pG constructs (I–IV) and expressing a GFP-tagged version of (top panel) Dhh1p (yRP1824) and
(bottom panel) Dcp2p (yRP1825) grown in the presence of Glu (I,II) or Gal (III,IV). Cells expressing a GFP-tagged version of (top panel) Dhh1p
(yRP1724) and (bottom panel) Dcp2p (yRP1727), containing the PGK1-pG/MFA2-pG constructs (V–VIII) grown in the presence of Glu (V,VI)
or Gal (VII,VIII).
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control of their own promoter. The proteins examined in-
clude the translation initiation factor Prt1p, a subunit of the
eIF3 translation initiation complex; TEF4p, a translation
elongation factor; Sup45p, a translation termination factor;
and RpL5p, a subunit of the large ribosomal subunit. We
observed that these translation factors were distributed in
the cell without any concentration in cytoplasmic foci dur-
ing log growth (Fig. 9A, II; Fig. 9B, I–III). Moreover, we did
not observe localization of these translation factors to P-
bodies under glucose deprivation (Fig. 9A, V; Fig. 9B, IV–
VI), conditions where P-bodies are dramatically increased
(Fig. 2). Examination of RFP-tagged Dcp2p in the same
cells showed that P-bodies were forming efficiently in these
experiments (Fig. 9A, IV). We interpret these results to
indicate that ribosomes, and multiple translation factors, do
not accumulate in P-bodies. This supports the argument
that mRNAs within P-bodies are in a nontranslating state.

DISCUSSION

P-bodies require RNA for their assembly

Two types of observations indicate that the formation of
P-bodies requires RNA. First, trapping mRNA in the pro-
cess of decay in vivo by cis-acting structures leads to the
accumulation of P-bodies (Fig. 7). This result is consistent
with the observation that inactivation of the decapping en-
zyme or 5�-to-3� exonuclease increases P-bodies in vivo
(Sheth and Parker 2003). Second, semipurified P-bodies are
sensitive to RNase A treatment as assessed both by micro-
scopic and biochemical analysis (Fig. 6). This is also con-
sistent with previous results that coimmunoprecipitation of
P-body components is sensitive to RNase A treatment
(Tharun and Parker 2001). Based on these observations, we

conclude that the formation, or integrity, of P-bodies re-
quires RNA.

Several observations support the argument that non-
translating mRNAs are the RNA underlying P-body forma-
tion. First, trapping mRNA molecules in the process of
decay by the insertion of a poly(G) tract in cis (Fig. 7) leads
to increases in P-body formation. An important point is
that mRNA fragments trapped by the insertion of poly(G)
tracts are not translated (Muhlrad et al. 1995), and are not
found associated with ribosomes (Hilleren and Parker
2001). Second, driving yeast mRNAs into polysomes by

FIGURE 9. Translation factors are not associated with P-bodies. (A)
Cells were grown in SC plus Glu. For glucose depletion, cells were
washed in SC for 10 min before collection. For observation, cells were
washed and resuspended in SC with (I,II) or without (IV–V) Glu. Cells
coexpressing (I,II,IV,V) a GFP-tagged version of Prt1p (yRP1828) and
an RFP-tagged version of Dcp2p (pRP1186). (III,VI) Merged views.
(B) GFP-tagged versions of TEF4 (yRP1829), Sup45p (yRP1830), and
RpL5p (yRP1911) were grown in YPGlu and observed as described in
Figure 2A. Cells observed in the (I–III) presence or (IV–VI) absence of
Glu are shown.

FIGURE 8. mRNA localizes to P-bodies during translation repres-
sion. Yeast strain yRP684 coexpressing (A–C) U1A-GFP (pRP1187),
PGK1-U1A (pPS2037), and Dcp2p-RFP (pRP1155), or (E,F) control
U1A-GFP (pRP1187), was grown in SC plus Glu. For glucose deple-
tion, cells were washed and resuspended in SC for 10 min before
collection. For observation, cells were washed and resuspended in SC
with (A,E) or without (B,C,F) Glu. (D) Merged view.
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inhibiting translation elongation leads to loss of P-bodies
(Fig. 5; Sheth and Parker 2003; Kshirsagar and Parker
2004). Third, inhibition of translation initiation by muta-
tions (Fig. 5) or cellular stresses leads to increases in P-
bodies (Figs. 1–4). Fourth, translation factors and ribosome
components are not found within P-bodies, even under
conditions in which the P-bodies are large (Fig. 9). Fifth,
PGK1 mRNA can be detected within P-bodies during glu-
cose deprivation (Fig. 8). While we cannot formally rule out
that there is an additional non-mRNA component of P-
bodies, the pool of nontranslating mRNA can clearly affect
the size and abundance of P-bodies.

The conclusion that P-bodies are dependent on mRNA
for their formation implies that individual mRNPs have the
ability to aggregate together, or that mRNAs can be specifi-
cally targeted to P-bodies. Such aggregation could occur
through the interaction of mRNA-binding proteins that
have multiple RNA-binding domains, and thereby provide
links between individual mRNAs causing aggregation. Al-
ternatively, there may be key RNA-binding proteins that,
after binding to the mRNA, have the ability to interact with
each other, thereby bringing the mRNPs together. This lat-
ter model is particularly appealing since the formation of
nontranslating mRNAs into stress granules in mammalian
cells appears to be dependent on a possible protein aggre-
gation domain found in the mRNA-binding proteins TIA
and TIA-R (Kedersha et al. 2000; Gilks et al. 2004).

An unresolved issue is whether P-bodies can form de
novo. For example, there could be a pre-existing structure
to which mRNAs and their associated proteins are targeted.
Alternatively, mRNAs might form a specific type of mRNP
that has the ability to aggregate into higher-order structures,
which are then visualized in the light microscope as P-
bodies. Our results are most consistent with the latter pos-
sibility since all known components of P-bodies disperse
when cycloheximide is introduced (Fig. 5). In addition, P-
bodies appear to be able to form de novo when cells are
subject to stresses, and are found throughout the cytoplasm.
Based on these observations, the simplest model is that
P-bodies form by the assembly of a specific mRNP structure
on nontranslating mRNAs, which then has the ability to
aggregate into larger structures.

P-bodies may function in stress responses

Our results suggest the possibility that P-bodies will be im-
portant in cellular responses to stress. The critical observa-
tion is that the size and number of P-bodies increased in
several stress conditions including glucose deprivation, os-
motic stress, ultraviolet light, and late stage of growth (Figs.
1–4). The cellular changes taking place during the stress
conditions analyzed suggests a correlation between a de-
crease in translation rates and an increase in the concen-
tration of P-bodies components in cytoplasmic foci. For
example, glucose deprivation and osmotic stress are known

to inhibit translation initiation and both lead to dramatic
increases in P-bodies (Ashe et al. 2000; Uesono and Toh-e
2002; Uesono et al. 2004). In contrast, exposure of yeast
cells to heat stress or oxidative stress does not seem to have
an effect on translation rates (Uesono and Toh-e 2002; data
not shown) and does not increase P-bodies (data not
shown). We interpret these results to suggest that stresses
that lead to decreases in translation initiation lead to an
increase in P-bodies due to the movement of mRNAs from
the translating, or polysome pool, to P-bodies.

The ability to sequester mRNAs into a nontranslating
pool during stress conditions could be beneficial to the cell
for three reasons. First, by sequestering the pre-stress pool
of mRNAs into a nontranslating state, new mRNAs might
be preferentially translated because of reduced competition
from the pre-existing mRNAs. Second, if the mRNAs tar-
geted to P-bodies during stress were also subsequently de-
graded, their targeting to P-bodies would assist in the re-
programming of the mRNA pool to reflect the new growth
conditions. Third, if mRNAs targeted to P-bodies can re-
turn to the translating pool, then this system provides a way
to transiently arrest translation on a subset of the mRNA
population, and then to reuse such mRNAs when the cell
has recovered from the stress conditions. This dynamic
would be similar to what has been proposed for stress gran-
ules, which are particles of nontranslating mRNAs that
form in response to stress (for review, see Anderson and
Kedersha 2002). Stress granules have been proposed to play
a role in storing mRNAs because stress granules decline
during stress recovery, although whether this is caused by
retranslation or degradation of the mRNA within the stress
granule is not yet clear. Although mRNAs have not been
demonstrated to re-enter translation following storage in
P-bodies, this possibility is suggested by similarities between
P-bodies and the storage and subsequent use of maternal
mRNAs (Coller and Parker 2004).

An unresolved issue is the relationship between stress
granules and P-bodies. To date, we have been unable to
visualize stress granules in Saccharomyces cereviseae under a
variety of conditions (data not shown), although they can
be detected in Saccharomyces pombe (Dunand-Sauthier et al.
2002). However, several observations in mammalian cells
suggest that P-bodies and stress granules are distinct struc-
tures. First, stress granules are generally only observed dur-
ing a stress response, while P-bodies are present continually
(Kedersha et al. 1999; Cougot et al. 2004). Second, at least
at the current time, there appears to be different proteins
present in these two structures. Stress granules contain
translation initiation factors, small ribosomal subunits, and
the mRNA-binding proteins TIA and TIA-R (Kedersha et
al. 2002), whereas P-bodies contain mRNA decay factors
(Ingelfinger et al. 2002; Lykke-Andersen 2002; van Dijk et
al. 2002; Cougot et al. 2004). Third, direct visualization of
these P-bodies and stress granules shows they are physically
distinct and spatially separate (Cougot et al. 2004). How-
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ever, given that P-bodies and stress granules both contain
nontranslating mRNAs and increase in response to stress,
one anticipates that there may be some functional or tem-
poral relationship between these pools of mRNPs.

Movement of mRNA from translation to P-bodies

Our results argue that movement of mRNAs from the poly-
some pool to P-bodies is an important and dramatic tran-
sition in the state of eukaryotic mRNA. This suggestion is
based on P-bodies containing pools of nontranslating
mRNAs and the reciprocal nature of the relationship be-
tween translation and P-bodies. A critical transition be-
tween a translating pool of mRNA and nontranslating
mRNAs destined for degradation is also supported by co-
immunoprecipitation experiments wherein decapping fac-
tors coimmunoprecipitated mRNAs but not translation fac-
tors (Tharun and Parker 2001). The movement of mRNAs
from polysomes to P-bodies is striking in that it involves the
loss of ribosomes and translation factors from the mRNA,
the addition of mRNA decapping factors and proteins that
promote P-body assembly, as well as physical movement of
the mRNA between the polysome and P-body compart-
ments. Interestingly, the composition of stress granules sug-

gests stress granules might represent an intermediate state
of mRNPs between translating mRNPs and mRNPs within
P-bodies. Given that these transitions are likely to be sites of
biological regulation, an important area of future work will
be in determining the signals and mechanisms by which
mRNA exit translation and enter the P-body compartment.

MATERIALS AND METHODS

Yeast strains and growth conditions

The genotypes of all strains used in this study are listed in Table 1.
All strains have GAL1 upstream activating sequence-regulated
PGK1pG and MFA2pG genes, as well as the LEU2 gene, collectively
termed LEU2pm, integrated at the CUP1 locus unless stated oth-
erwise (Hatfield et al. 1996). Proteins were C-terminal tagged with
GFP following the PCR-based gene modification method de-
scribed by Longtine et al. (1998). These fusion proteins include the
full-length protein and are functional (Sheth and Parker 2003).
Yeast crosses were carried out using standard laboratory proce-
dures. Strains were grown on either standard yeast extract/peptone
medium (YP) or synthetic medium (SC) yeast nitrogen base/am-
monium sulfate supplemented with appropriate amino acids, and
2% dextrose (Glu) or 2% galactose (Gal) as carbon source, as
indicated. Strains were grown at 30°C except for temperature-
sensitive (ts) mutants, which were grown at 23°C.

TABLE 1. Yeast strains

Strain Genotype Source

yRP684 MAT� leu2-3,112 trpl ura3-52 his4-539 lys2-201 Hatfield et al. 1996
yRP840 MATa leu2-3,112 trp1 ura3-52 his4-539 cup1::LEU2/PGK1pG/MFA2pG Hatfield et al. 1996
yRP1724 MATa leu2-3,112 trp1 ura3-52 his4-539 cup1::LEU2/PGK1pG/MFA2pG DHH1-GFP (NEO) Sheth and Parker 2003
yRP1726 MATa leu2-3,112 trp1 ura3-52 his4-539 cup1::LEU2/PGK1pG/MFA2pG DCP1-GFP (NEO) Sheth and Parker 2003
yRP1727 MATa leu2-3,112 trp1 ura3-52 his4-539 cup1::LEU2/PGK1pG/MFA2pG DCP2-GFP (NEO) Sheth and Parker 2003
yRP1728 MATa leu2-3,112 trp1 ura3-52 his4-539 cup1::LEU2/PGK1pG/MFA2pG PAT1-GFP (NEO) Sheth and Parker 2003
yRP1729 MATa leu2-3,112 trp1 ura3-52 his4-539 cup1::LEU2/PGK1pG/MFA2pG LSM1-GFP (NEO) Sheth and Parker 2003
yRP1730 MATa leu2-3,112 trp1 ura3-52 his4-539 cup1::LEU2/PGK1pG/MFA2pG XRN1-GFP (NEO) Sheth and Parker 2003
yRP1738 MATa leu2-3,112 trp1 ura3-52 his4-539 cup1::LEU2/PGK1pG/MFA2pG xrn1::TRP DHH1-

GFP (NEO)
Sheth and Parker 2003

yRP1824 MATa leu2-3,112 trp1 ura3-52 his4-539 DHH1-GFP (NEO) This study
yRP1825 MAT� leu2-3,112 trp1 ura3-52 his4-539 DCP2-GFP (NEO) This study
yRP1826 MATa leu2-3,112 trp1 ura3-52 his4-539 prt1-63 cup1::LEU2/PGK1pG/MFA2pG DHH1-GFP

(NEO)
This study

yRP1827 MATa leu2-3,112 ura3-52 prt1-63 cup1::LEU2/PGK1pG/MFA2pG DCP2-GFP (NEO) This study
yRP1828 MATa leu2 ura3 his3 met15 PRT1-GFP (HIS) Huh et al. 2003
yRP1829 MATa leu2 ura3 his3 met15 TEF4-GFP (HIS) Huh et al. 2003
yRP1830 MATa leu2 ura3 his3 met15 SUP45-GFP (HIS) Huh et al. 2003
yRP1911 MATa leu2 ura3 his3 met15 RPL5-GFP (HIS) Huh et al. 2003
yRP1912 MATa leu2-3,112 trp1 ura3-52 cup1::LEU2/PGK1pG/MFA2pG hog1::NEO DHH1-GFP

(NEO)
This study

yRP1913 MATa leu2-3,112 trp1 ura3-52 his4-539 cup1::LEU2/PGK1pG/MFA2pG hog1::NEO DCP2-
GFP (NEO)

This study

yRP1921 MAT� leu2-3,112 trp1 his4-539 met1 cyh2 DHH1-GFP (NEO) This study
yRP1922 MATa leu2-3,112 trp1 ura3-52 his4-539 cyh2 DCP2-GFP (NEO) This study
yRP1923 MATa leu2-3,112 trp1 ura3-52 his4-539 cup1::LEU2/PGK1pG/MFA2pG xrn1::TRP DCP2-

GFP (NEO)
This study

yRP1924 MATa leu2-3,112 trp1 his4-539 cup1::LEU2/PGK1pG/MFA2PpG xrn1::TRP LSM1-GFP
(NEO)

This study
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Plasmids

Plasmid pRP1081, expressing the MFA2 mRNA with a poly(G)
tract, or pRP1083, expressing MFA2 mRNA with no functional
poly(G) tract, were constructed as described in Sheth and Parker
(2003). The plasmid DCP2-RFP, pRP1186, was created by PCR-
amplification of the DCP2 gene from yRP840, and the fragment
was ligated into the yeast expression vector pRP1084 between the
SalI and BamHI sites (Sheth and Parker 2003) and confirmed by
sequencing. For PGK1 mRNA localization, the plasmid U1A-GFP,
pRP1187, was created by replacement of the GAL promoter, in
plasmid pPS2042 (Brodsky and Silver 2000), with the GPD pro-
moter in between SalI sites. A plasmid expressing PGK1 with
U1A-binding sites (pPS2037) was created as described in Brodsky
and Silver (2000). The CEN LEU plasmid, pRP1155 (U. Sheth and
R. Parker, in prep.), expressing DCP2-RFP derives from pRP1186.
Yeast strains were transformed by standard techniques, and plas-
mids were maintained by growth in selective media.

UV stress treatment

Cells carrying GFP-tagged proteins were grown in YPGlu to log
phase. Then 1 mL of cells was surface-spread in duplicate into
YPGlu plates and air-dried. One plate was treated with 50 µJ of UV
light, and the other plate was used as a control without exposure
to UV light. Cells were resuspended in YPGlu and continued to
grow. Samples were collected 15, 30, and 45 min after UV light
treatment. For the no UV light control, cells were resuspended
from the plate not exposed to UV light in YPGlu and grown as
described above, and samples were collected after 45 min. Samples
were analyzed as described below.

Preparation of cells for confocal microscopy

The cells were grown to an OD600 of 0.3–0.35 in the appropriate
medium. Cells were washed two times with SC plus amino acids
supplemented with the same carbon source used for cell growth.
Cells were resuspended in SC containing the appropriate carbon
source and amino acids and immediately observed, unless other-
wise indicated. Observations were made using a Nikon PCM 2000
Confocal Microscope using a 100× objective with 3× zoom with
Compix Software. All images are a Z-series compilation of 6–10
images in a stack, except for colocalization analysis, where images
result from a single Z-section.

Preparation of semipurified P-bodies

For P-bodies, 250 mL of cells was grown to an OD600 of 3, har-
vested by centrifugation, and washed in cold lysis buffer (50 mM
Tris at pH 7.6, 50 mM NaCl, 5 mM MgCl2, 0.1% NP-40, 1 mM
�-mercaptoethanol, 1× protease inhibitor complete mini EDTA
free [Roche, #1836170], 0.4 U/µL RNase inhibitor). All subsequent
steps were performed at 4°C. Cells were lysed by vortexing in the
presence of cold lysis buffer and an equal volume of glass beads.
Lysates were clarified briefly at 2000g for 2 min. The supernatant
was centrifuged at 10,000g for 10 min, and a P-body pellet was
formed. Most of the supernatant was removed, and the pellet was
resuspended in lysis buffer without RNase inhibitor. The resus-
pended pellet was then split into two equal portions. One portion

was treated with RNase A to a concentration of 1 µg/µL for 30 min
at room temperature. The other portion was incubated under the
same conditions with cold lysis buffer. After incubation, both
RNase A treated and untreated fractions were centrifuged at
10,000g for 10 min, producing the final supernatant and pellet. For
microscopic analysis, 10 µL of the P-body rich pellet was visualized
directly with the confocal microscope. For Western blot analysis,
equal volumes of the pellet and supernatant fractions for control
and sample were used. Western blot analysis of the GFP-tagged
proteins was carried out following standard protocols using GFP
primary antibody (Covance) at a 1:1000 dilution and goat anti-
mouse HRP secondary antibody (Sigma-Aldrich) at a 1:5000
dilution.
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